Objectives-Our goal was to determine whether obstetrical outcomes and serum angiogenic factors are altered in women with gestational proteinuria without hypertension.
Introduction
Pre-eclampsia -the onset of maternal hypertension and proteinuria usually following the twentieth week of gestation -remains an important cause of maternal and fetal morbidity and mortality. (1) . Placental secretion of excessive quantities of the antiangiogenic proteins soluble fms-like tyrosine kinase 1 (sFlt-1) and soluble endoglin (sEng) into maternal blood, causing widespread maternal endothelial dysfunction, has been proposed to be the final common pathway leading to pre-eclampsia. (2, 3) Women with pre-eclampsia have increased serum concentrations of sFlt-1 and sEng and reduced concentrations of free vascular endothelial growth factor (VEGF) and free placental growth factor (PlGF), proangiogenic proteins which are bound and neutralized by sFlt-1. (3) (4) (5) (6) (7) (8) Women with gestational hypertension, but not proteinuria, appear to have similar, but modest, alterations of circulating angiogenic proteins. (3) Angiogenic factors play an important role in the development and maintenance of renal glomeruli. Mice lacking expression of one or more of the isoforms of VEGF are born with fewer glomeruli, develop glomerular injury with proteinuria, or die in the perinatal period. (9, 10) Injection of an antibody against transforming growth factor-β1, which may mimic the action of sEng, inhibits glomerular capillary lumen formation and endothelial cell fenestration in newborn rats. (11) Adult male mice injected with exogenous sFlt-1 or with anti-VEGF antibody develop proteinuria and glomerular endothelial damage. (12, 13) Pregnant and nonpregnant rats exposed to sFlt-1 and/or sEng manifest hypertension, proteinuria and glomerular endotheliosis, the renal lesion observed in pre-eclampsia.(2,7) Administration of VEGF to rats improves glomerular health and kidney function in various renal disease models including preeclampsia. (14) (15) (16) (17) (18) Patients undergoing chemotherapy with a monoclonal antibody to VEGF frequently develop hypertension and proteinuria. (19) The pathogenesis of gestational proteinuria in healthy women -the new onset of proteinuria following the twentieth week of gestation in the absence of hypertension -has not been studied in depth. Proteinuria which antedates conception, that is usually due to underlying renal disease and in which proteinuria is exacerbated early in pregnancy, has been associated with increased risk of adverse obstetrical outcomes. (20) Whether gestational proteinuria in healthy women is associated with adverse obstetrical or perinatal outcomes is not known. We hypothesized that proteinuria without hypertension in healthy nulliparous pregnancy might be similar to a mild form of pre-eclampsia and would be accompanied by similar alterations of circulating angiogenic factors. In order to determine the relationship of these factors to the development of gestational proteinuria, we conducted a nested case control study within the Calcium for Pre-eclampsia Prevention (CPEP) trial database and specimen repository. Circulating concentrations of sFlt-1, sEng and free PlGF in women with gestational proteinuria were compared to those in women who remained normotensive without proteinuria during pregnancy and in women who developed pre-eclampsia.
Methods

Participants and Specimens
CPEP was a randomized, double-blind clinical trial conducted from 1992 to 1995 to determine if calcium supplementation would prevent pre-eclampsia in healthy nulliparous women. (21) Women with singleton pregnancies were enrolled between 13 and 21 weeks of gestation at five participating medical centers and followed until 24 hours after delivery. Written consent was provided by all participants. Women were excluded from entry into the trial if they had: (1) a history of hypertension, renal disease, diabetes, or collagen vascular disease, (2) elevated blood pressure (≥ 135/85 mm Hg), (3) elevated serum creatinine (≥1.0 mg/dl), or (4) proteinuria (1 + [30 mg/dl] or greater on dipstick) at either of two screening clinic visits. Serum and urine specimens were requested prior to enrollment at 13 to 21 weeks of gestation, at 26 to 29 weeks, at 36 weeks if still pregnant, and when pre-eclampsia was suspected. Calcium supplementation did not reduce the incidence or severity of pre-eclampsia. (21) Of a total of 4589 women enrolled in CPEP, 153 developed gestational proteinuria and 326 developed pre-eclampsia. Among women with gestational proteinuria, six were excluded owing to loss to follow-up, inadequate chart review, or lack of serum samples obtained at ten or more weeks of gestation before labor or delivery. Because proteinuria might have resulted from urinary tract infection, we excluded 39 women with positive urine cultures, leaving 108 women with gestational proteinuria for study. Seven women were excluded who developed pre-eclampsia, but lacked appropriate serum specimens, leaving 319 women with preeclampsia for comparison.
Controls were selected as follows: Among 4589 CPEP participants, 253 lost to follow-up, 26 with incomplete outcome data or smoking history, 20 whose pregnancy had terminated before 20 weeks, and 21 without repository serum or urine specimens were excluded. From the remaining 4269 women a random sample of 2200 was selected. After further excluding women without appropriate serum specimens as well as those who had developed pre-eclampsia, gestational hypertension, or gestational proteinuria, 1564 remained whose pregnancies had been normotensive and without proteinuria.
Gestational proteinuria was defined as the onset of proteinuria after the twentieth week of gestation in women who remained normotensive throughout pregnancy. Proteinuria was defined by either of the following: (1) 24-hour urine collection of ≥ 300 mg protein, (2) a single random urine specimen with protein / creatinine ratio ≥ 0.35, (3) ≥ 2+ (100 mg/dl) protein by dipstick in one random specimen, or (4) 1+ (30 mg/dl) protein in two random urine specimens obtained 4 to 168 hours apart. Severe proteinuria was urinary protein excretion ≥3.5 g per 24 hours or urine dipstick ≥3+ [300 mg/dl] in two random urine specimens obtained 4 to 168 hours apart. All dipsticks were Ames reagent strips (Miles Inc., Elkhart, IN). Gestational hypertension was the onset of hypertension after the twentieth week of gestation. Hypertension was an elevated diastolic blood pressure of at least 90 mm Hg on two occasions 4 to 168 hours apart. Pre-eclampsia was defined as the occurrence of hypertension and proteinuria within seven days of each other. Gestational age was determined using the earliest obstetrical ultrasound before enrollment in CPEP. The onset of gestational proteinuria was the time of the first urinary protein measurement leading to the diagnosis. Detailed definitions of preeclampsia and gestational (or pregnancy-associated) proteinuria have been published. (21, 22) The length of an episode of gestational proteinuria was computed from the day when it was first noted to the day it was no longer detected or delivery, whichever came first. An episode of gestational proteinuria was considered resolved when there was a 24-hour urine collection with less than 300 mg protein, a protein/creatinine ratio below 0.35, or at the first of two successive urine dipsticks at least four hours apart with trace or no protein.
Because specimens could not be linked to identifiable women, the Office of Human Subjects Research of the National Institutes of Health granted the study an exemption from the requirement for review and approval by the institutional review board.
Procedures
Serum samples were frozen shortly after collection and sent to a central repository where they were stored at -70°C. Specimens were randomly ordered for analysis, and assays were performed by personnel who were unaware of pregnancy outcomes. Enzyme-linked immunosorbent assays (ELISA) for human sFlt-1, sEng, and free PlGF were conducted in duplicate by R&D Systems Analytical Testing Services (Minneapolis, MN) using their commercially available kits. These assays have been validated by recovery studies from serum of pregnant women. Intraassay and interassay coefficients of variation were 3.2 and 7.4 percent, 3.0 and 6.5 percent, and 5.4 and 11.2 percent for sFlt-1, sEng, and PlGF, respectively. Minimal detectable levels for sFlt-1, sEng, and PlGF were, respectively, 5 pg per milliliter, 7 pg per milliliter, and 7 pg per milliliter. Calcium supplementation did not affect angiogenic factor levels. Specimens from 192 of the 319 women with pre-eclampsia had been analyzed for angiogenic factors previously. (3, 6) Since the sFlt-1 assay had undergone recent changes, we analyzed fresh aliquots for all three angiogenic factors in all women.
Statistical Analysis
Chi-square tests were used for comparison of categorical variables; and t-tests, for comparison of continuous variables. Angiogenic factor levels were compared within pre-selected intervals using analysis of variance and covariance. Although arithmetic mean levels of angiogenic proteins are reported in the text and figures, statistical testing was conducted after logarithmic transformation. Within gestational age intervals, if more than one specimen was available from a woman, the earliest collection was used. For case-control comparisons made in the weeks prior to or after onset of proteinuria, serum specimens from women with gestational proteinuria were randomly matched by gestational age at collection. If more than one specimen from a particular case was available within an interval before or after onset of proteinuria, the specimen closest to the onset of proteinuria was selected. All P values are two-tailed.
Results
At enrollment in CPEP women with gestational proteinuria or pre-eclampsia had greater bodymass index, higher blood pressure, and they smoked less frequently than normotensive controls without proteinuria. Serum specimens from controls had been stored slightly longer at -70°C (Table 1) . Black race was more common among women with pre-eclampsia. Whereas in women with gestational proteinuria obstetrical and perinatal outcomes were generally favorable, those for women with pre-eclampsia often were not (Table 2) . Women with gestational proteinuria were more frequently delivered by cesarean section than controls (22% versus 13%, P=0.009). The incidence of renal dysfunction did not differ significantly from controls. Infants of women with gestational proteinuria were usually delivered at term and were larger than infants born to control mothers. The two-fold excess of large-for-gestational-age infants born to women with gestational proteinuria remained significantly different from controls and women with pre-eclampsia, even after adjustment for maternal weight or bodymass index.
Only one woman with gestational proteinuria had severe proteinuria. The median gestational age at onset of proteinuria was 37.9 weeks. Proteinuria began within a week of delivery in about half the subjects (N=52, 48%). The mean of the estimated duration of proteinuria in women with a single episode was 9 days. In 43 of the 108 women (40 percent) with gestational proteinuria, proteinuria resolved prior to delivery; and in these women the mean of the estimated duration of proteinuria was 13 days. While almost all women had proteinuria documented only once, three had two episodes and one had three.
To evaluate gestational patterns of angiogenic factors before onset of proteinuria, we first compared concentrations in serum specimens obtained at 10-20, 21-32, or 33-42 weeks of gestation from women in whom proteinuria had been documented by a 24-hour urine collection or by a protein / creatinine ratio with those of specimens obtained from women with proteinuria determined by dipstick and from normotensive women without evidence of proteinuria (Table  3) . After adjustment for body-mass index, race/ethnicity, and gestational age at specimen collection, in the women with gestational proteinuria PlGF appeared to be lower than controls throughout pregnancy (at least in the much larger group with dipstick proteinuria) while sFlt1 and sEng were higher at 33-42 weeks. There were no significant differences in concentrations of angiogenic factors between specimens from the 22 women whose proteinuria had been documented in a 24-hour urine or by protein / creatinine ratio and those from the 86 women with proteinuria by dipstick. Therefore, in subsequent analyses we combined both proteinuria subgroups.
We conducted a cross-sectional analysis of serum concentrations before onset of gestational proteinuria or pre-eclampsia usually within four week gestational-age intervals. In women who developed gestational proteinuria and in controls, serum levels of sFlt-1 ( Figure 1A ) and sEng ( Figure 1B ) remained stable until rising at 33-36 weeks of gestation. In women who later developed pre-eclampsia, levels of sFlt-1 rose compared to controls beginning at 25-28 weeks and sEng, beginning at 13-16 weeks. Peak concentrations attained at 37-42 weeks were greatest in women who subsequently developed pre-eclampsia (15,390 pg/ml sFlt-1, 18.0 ng/ml sEng), intermediate in women who developed gestational proteinuria (12,540 pg/ml sFlt-1, 15.3 ng/ ml sEng), and lowest in normotensive non-proteinuric controls (9160 pg/ml sFlt-1, 11.3 ng/ml sEng). While at term concentrations in women who later developed pre-eclampsia or gestational proteinuria did not differ significantly, both were significantly greater than controls. PlGF increased with gestation, reaching maximal values at 29-32 weeks of gestation, then declining ( Figure 1C ). In women who later developed gestational proteinuria, PlGF concentrations were lower throughout pregnancy, beginning at 10-12 weeks. Concentrations in women with subsequent pre-eclampsia were similar to those in women who later developed gestational proteinuria, but were usually somewhat lower.
In order to determine the progression of serum angiogenic factor concentrations with proximity to the onset of gestational proteinuria, we compared serum samples from women who would later develop gestational proteinuria to gestational age-matched samples from normotensive, non-proteinuric controls (Figure 2A-C) . During the two weeks before onset of proteinuria, the mean serum sFlt-1 and sEng levels significantly increased (sFlt-1: 10,550 pg per milliliter versus 7510 pg per milliliter, P=0.04; sEng: 13.8 ng per milliliter versus 9.4 ng per milliliter, P=0.049) in the women who developed gestational proteinuria. The PlGF concentration was reduced significantly at 6-8 weeks and at 3 weeks before proteinuria.
We also examined angiogenic factor concentrations after the onset of proteinuria, comparing them within pre-selected intervals to those of gestational-age matched controls. Whereas within 2 weeks before onset of proteinuria sFlt-1 and sEng were significantly elevated in the women who were to develop proteinuria, after onset of proteinuria the only significant difference was a reduction in PlGF one week later (268 pg per milliliter versus 624 pg per milliliter, P=0.01). Two or more weeks following the onset of gestational proteinuria, differences in serum angiogenic factor levels became unremarkable (Table 4) .
Removal of the five women with gestational proteinuria who developed elevated liver enzymes (N=2), low platelet counts (N=2), or disseminated intravascular coagulation (N=1) had only minor effects on mean angiogenic factor levels. Their inclusion did not account for the characteristic patterns noted within the women with gestational proteinuria.
Discussion
We have demonstrated that healthy pregnant nulliparous women who develop proteinuria, but not hypertension, manifest a modest and transient imbalance of circulating angiogenic factors, resulting in an antiangiogenic state in the blood. The imbalance of angiogenic factors in women who develop gestational proteinuria occurs before onset of clinical signs, as in pre-eclampsia; and it typically occurs within two weeks before onset of proteinuria. Serum concentrations of PlGF appear to be lower than those of controls as early as 10-12 weeks of gestation. However, levels of sFlt-1 and sEng are elevated only at term, when peak concentrations are attained. At term levels of sFlt-1, sEng, and PlGF before onset of gestational proteinuria are not altered as much as in women who will develop pre-eclampsia. Nevertheless, the similarities suggest that gestational proteinuria may be a mild variant of pre-eclampsia.
Women with gestational proteinuria had greater body-mass index, small increases in blood pressure at enrollment early in the second trimester, and a lower prevalence of smoking, characteristics which are also observed in women who develop pre-eclampsia.(24-26) Healthy women with gestational proteinuria have favorable pregnancy outcomes and a two-fold excess of large-for-gestational-age infants. Contrary to previous reports (23) , an excess of large-forgestational-age infants in women with pre-eclampsia was not observed here.
We can only speculate why gestational proteinuria did not progress to pre-eclampsia. Almost half the women had onset within a week of delivery, suggesting that delivery may have terminated the progression, but in 40 percent of the women proteinuria resolved prior to delivery. It is also likely that the complete syndrome of pre-eclampsia did not develop in this group of women since the abnormalities in circulating angiogenic factors were transient and modest. In serum specimens collected after the onset of proteinuria, but before labor or delivery, the antiangiogenic state appeared to dissipate within two weeks after proteinuria began. This contrasts with pre-eclampsia, where the greatest alterations of angiogenic factor concentrations occur after the onset of clinical disease. (3, 6) Resolution of angiogenic factor imbalance could explain why gestational proteinuria usually lasts less than 2 weeks and may not progress to pre-eclampsia. Finally, similar levels of PlGF, but not sFlt-1, in women with gestational proteinuria and pre-eclampsia suggest that while low levels of PlGF may be sufficient to develop proteinuria following modest brief increases in sFlt-1 and sEng, higher levels of sFlt-1 and sEng over a period exceeding one month may be required to develop hypertension.
The results are consistent with limited previous observations. During normal pregnancy serum concentrations of sFlt-1 were found to be positively correlated and free VEGF concentrations negatively correlated with urinary albumin excretion, suggesting that circulating levels of sFlt-1 may affect the health of glomerular endothelial cells even in normal pregnancy. (27) Indeed, a previous report involving renal biopsies has demonstrated that mild glomerular endotheliosis can be found in normal term pregnancy.(28) A small study which compared 10 women after onset of gestational proteinuria to 20 age-and gestational week-matched controls with normal pregnancies reported increased circulating sFlt-1 and decreased PlGF in the women with gestational proteinuria. (29) In the present study of a larger number of women with gestational proteinuria significant differences in serum angiogenic factor levels were observed before, but usually not after the onset of proteinuria. Some investigators have reported lower levels of PlGF in women who did not develop pre-eclampsia, but who delivered small-forgestational-age infants. (30, 31) We have observed lower levels of PlGF in women with preeclampsia or gestational proteinuria, but not in normotensive women who delivered small-forgestational-age infants. (3) The different findings may result from differences in race/ethnicity, sample collection or storage, or accuracy of the clinical diagnoses. It is also possible that low levels of PlGF early in pregnancy may not be specific for pre-eclampsia and gestational proteinuria.
Our study had several advantages. The prospective collection of serum samples within the CPEP trial cohort of healthy nulliparas allowed us to examine changes in levels of angiogenic factors in women who developed gestational proteinuria without concern for selection bias that might otherwise be present in women presenting after the onset of the condition. Care was taken to exclude women who had renal disease or proteinuria prior to enrollment in CPEP. Exclusion criteria included women with a history of renal disease or diseases which could affect kidney function such as chronic hypertension, diabetes mellitus, or systemic lupus erythematosus. All women were screened twice for proteinuria prior to enrollment and were required to have a serum creatinine < 1.0 mg/dl at enrollment. The likelihood that proteinuria resulted from contamination was minimized by requirements for confirmation of positive dipsticks in a clean catch specimen, for catheterization after rupture of membranes or during vaginitis, and exclusion of specimens containing visible blood. Moreover, the characteristic patterns of angiogenic factors, greater body-mass index, small elevations in midtrimester blood pressure, and lower prevalence of smoking could not be explained if contamination or concentration of urine specimens had been an important cause of gestational proteinuria.
Besides the use of urine dipsticks to diagnose the majority of cases of gestational proteinuria, shortcomings include the cross-sectional nature of the data with the consequence that trends in angiogenic factor levels need not necessarily reflect changes which occur within individual women. Furthermore, the exact duration of proteinuria could not be ascertained as daily assessments for proteinuria were not performed. Women with gestational proteinuria in our study were healthy nulliparas who with one exception did not have severe proteinuria. Conclusions about outcomes can only be applied to this population and not to all women with proteinuria during pregnancy.
Since routine data collection concluded 24 hours following delivery, we were unable to evaluate the clinical course of women with gestational proteinuria. It is possible that some women who developed proteinuria during pregnancy were signaling the new onset of chronic renal disease. A recent review of chronic renal disease in pregnancy indicates that the prevalence ranges from 2 to 12 per 10,000. (32) This would extrapolate to 1 to 6 women in the CPEP cohort or even fewer since the above prevalence rates appear to include women diagnosed during pregnancy, but whose disease may have antedated pregnancy. CPEP participants were screened prior to entry and were unlikely to have had renal disease before pregnancy. While proteinuria which antedates pregnancy has been associated with later development of chronic and even end-stage renal disease, (20) it is not known whether longterm follow-up of healthy women with gestational proteinuria might reveal renal consequences. For this reason it is important for women with gestational proteinuria who manifest renal insufficiency or in whom proteinuria persists beyond pregnancy to be evaluated for kidney disease.
In conclusion, gestational proteinuria in healthy nulliparous women appears to be a benign condition that may not warrant intervention during pregnancy in the absence of hypertension or severe proteinuria. Modest angiogenic factor imbalances favoring an antiangiogenic state, greater body-mass index, small elevations in midtrimester blood pressure, and a lower prevalence of smoking suggest that gestational proteinuria without hypertension may represent a mild variant of pre-eclampsia. Figures 1A-C show the mean serum concentrations of sFlt-1, sEng and PlGF within gestational age intervals in women who later had gestational proteinuria (GP), those who later had preeclampsia (PE) and normotensive controls. I bars represent standard errors. Specimens from women with gestational proteinuria and pre-eclampsia were collected before onset and analyzed within pre-selected intervals, using the earliest serum specimen when more than one serum specimen was available. The number of specimens within each gestational age interval is noted below the figures. Statistical testing was performed on logarithmically transformed values. Only significant P values are reported and are for the comparisons with controls. The difference between mean serum concentrations of sFlt-1 ( Figure 1A ) in women who developed gestational proteinuria and women who later had pre-eclampsia was significant at 25 to 28 (P=0.01) and 33 to 36 weeks (P<0.001). For sEng (Figure 1B) , the difference between women who developed gestational proteinuria and pre-eclampsia was significant at 13 to 16 weeks (P<0.001), 17 to 20 weeks (P=0.001), 25 to 28 weeks (P<0.001), and 33 to 36 weeks (P<0.001). For PlGF (Figure 1C) , the difference was significant only at 25 to 28 weeks (P=0.008), the interval with the greatest number of serum samples from all three groups of women. 2A-C show the mean serum concentrations of sFlt-1, sEng and PlGF by weeks before the onset of gestational proteinuria (GP) in women who later developed gestational proteinuria and in gestational-age matched normotensive controls. I bars represent standard errors. Specimens from women with gestational proteinuria were collected before onset of proteinuria and analyzed within pre-selected intervals, using the serum specimen closest to onset when more than one serum specimen was available. The number of specimens within each interval is noted below the figures. Statistical testing was performed on logarithmically transformed values. Only significant P values are reported and are for the comparisons with controls. 
Obstetrical Outcomes
Preterm delivery < 37 wk -no. 
